Catalytic Conversion of Pyrolysis Tar to Produce Green Gasoline-Range Aromatics  by Saad, Abdulrahim et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Organizing Committee of 2015 AEDCEE
doi: 10.1016/j.egypro.2015.11.521 
 Energy Procedia  79 ( 2015 )  471 – 479 
ScienceDirect
 
2015 International Conference on Alternative Energy in Developing Countries and 
Emerging Economies 
Catalytic Conversion of Pyrolysis Tar to Produce Green 
Gasoline-Range Aromatics 
Abdulrahim Saada, Sukritthira Ratanawilaia, Chakrit Tonguraia 
aDepartment of Chemical Engineering, Faculty of Engineering, Prince of Songkla University, Had Yai, Songkhla, 90112, 
Thailand 
 
Abstract  
Pyrolysis oils derived from wood biomass attracted the attention of many researchers due to their potential as a 
source of sulfur-free environmentally-friendly fuel. In this study, we attempted to generate gasoline-range 
aromatics from pyrolysis tar derived from rubber wood. Catalytic cracking of the pyrolysis tar was conducted 
using an HZSM-5 catalyst in a dual reactor. The effects of reaction temperatures (400-600 °C), catalyst 
weights (1-5 g), and nitrogen flow rates (3-10 mL/min) were investigated to determine their effects on the 
yield of organic liquid product (OLP) and the percentage of gasoline aromatics in the OLP. The maximum 
OLP yield was about 28.33 wt%, achieved at 536 °C and a catalyst weight of 3.5 g. The maximum percentage 
of gasoline aromatics was about 54 wt%, obtained at 575°C with a catalyst weight of 5 g. Though , the yield of 
gasoline aromatics was low, the anticipated components, i.e., benzene, toluene, ethylbenzene, and xylenes 
(BTEX), were detected in the OLP proving that green gasoline aromatics can be produced from rubber wood 
pyrolysis tar via zeolite cracking 
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1. Introduction 
With the global oil crisis of the 1970s and the greenhouse effect, there is increasing interest in 
exploring renewable energy resources to replace conventional fossil fuels. Biomass, one possible 
source of renewable energy, is a CO2-neutral resource; as a result, significant attention has been 
paid to biomass as an alternative to petroleum fuels [1, 2]. 
Present-day pyrolysis oil has attracted considerable interest, particularly in fuel production, 
making it the most suitable material to compete with non-renewable fuel resources [3-4]. Direct 
substitution of pyrolysis oil for petroleum, however, might be limited due to pyrolysis oil’s thermal 
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instability, high viscosity, and high oxygen content [5]. As a result, an upgrading process is required 
to reduce its oxygen content. The upgrading process essentially involves the conversion of oxygen-
rich compounds into hydrocarbons that are consistent with traditional fuels. Catalytic cracking and 
hydrotreating are two routes that have been used to upgrade the pyrolysis oil. However, catalytic 
cracking is favoured; it can be performed at atmospheric pressure and no hydrogen is required, 
which offer economic advantages over hydrodeoxygenation [3, 6]. Recently, the production of 
green gasoline, particularly gasoline-range aromatics from pyrolysis oils, has aroused attention. A 
handful of previous studies demonstrated that pyrolysis oil derived from different biomass sources 
could be converted to gasoline hydrocarbons by catalytic cracking over ZSM5 catalysts [7, 8, 9]; 
however, some related studies dealt with pyrolysis oil fractions, which can be easier to understand. 
Wang et al. [10] outlined the produce high-quality gasoline rich with aromatic hydrocarbons by 
using a distilled fraction of pyrolysis oil derived from rice husk. They revealed that the cracking 
behaviour of the distilled fraction can be enhanced by co-feeding ethanol while using the HZSM-5 
catalyst. Recently, Bi and co-workers [11] used a residual distillation fraction of pyrolysis oil 
derived from straw stalks. The heavy fraction was transformed directly to higher yield of aromatics 
(mainly consisted of benzene, toluene, ethylbenzene, and xylenes; BTEX), by using HZSM-5 
catalyst. Another study was conducted by Yan Zhao et al. [12], who produced a high yield of 
aromatic hydrocarbons from pyrolytic lignins (PLs) isolated from rice husk derived oil by 
performing a catalytic pyrolysis techniques using ZSM-5 catalyst.  
The rubber tree is planted extensively in southern Thailand and is one of the country’s leading 
economic crops. The rubber wood is utilized to a great extent by local farmers and small plants to 
produce charcoal via a slow pyrolysis process (carbonization) [13, 14]. The pyrolysis liquid is an 
unavoidable by-product obtained during the manufacture of charcoal; over time, the liquid is 
divided into aqueous and oily layers. The oily layer, more accurately called pyrolysis tar, is a sticky 
liquid mixture of different oxygenated compounds, primarily composed of phenols. The pyrolysis 
tar is normally removed from aqueous liquid because it contaminates plants and soil when sprayed 
on them. On the basis of compositions, pyrolysis tar has the capability to produce green gasoline 
rich with aromatic chemicals. Additionally, it can add value to the production of charcoal. To the 
best of authors’ knowledge, pyrolysis tar as a by-product from charcoal production has received 
limited attention, and no study was conducted to upgrade it to gasoline-range aromatics or organic 
liquid product (OLP). Thus, this work was carried out with the aim of investigating the potential use 
of tar for producing green gasoline through catalytic cracking over an HZSM-5 catalyst in a dual 
reactor. 
 
2. Materials and methods 
2.1. Preparation and characterization of pyrolysis tar 
Crude pyrolysis liquid was obtained from Phatthalung Province. The liquid had been settled for 
about two months; after that, the settled tar was separated by decantation. The separated tar was 
then kept in a refrigerator overnight to remove the rest of the water, which was separated by 
decantation. The chemical composition of the pyrolysis tar was determined by GC–MS analysis as 
shown in Table 1.  
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                           Table 1.  Chemical Composition of the Pyrolysis Tar Identified by GC–MS 
 Composition MW Formula Peak area %  
1 Syringol  154.00 C8H10O3 12.11 
2 2, 6-Dihydroxy-4-methoxyacetophenone 182.17 C9H10O4 9.49 
3 1,2,4-Trimethoxybenzene 168.19 C9H12O3 8.94 
4 Creosol  138.16 C8H10O2 5.25 
5 Guaiacol 124.13 C7H8O2 5.14 
6 p-Ethylguaiacol 152.19 C9H12O2 4.89 
7 o-Cresol 108.13 C7H8O 3.57 
8 2,6-Dimethoxy-4-allylphenol 194.22 C11H14O3 3.43 
9 p-Cresol 108.13 C7H8O 2.37 
10 3,5-dimethylphenol 122.16 C8H10O 2.08 
11 2-Methoxy-5-propylphenol 166.21 C10H14O2 1.79 
12 Vanillyl methyl ketone 180.20 C10H12O3 0.88 
13 Corylon 112.12 C6H8O2 0.87 
14 2,5-Dimethylphenol 122.16 C8H10O 0.87 
15 5-hydroxy-3-heptanone 130.18 C7H14O2 0.75 
16 2,3-Dimethylphenol 122.16 C8H10O 0.65 
17 Eugenol 164.20 C10H12O2 0.63 
18 3,4,5-Trimethoxytoluene 182.21 C10H14O3 0.60 
19 4-Methoxy-3-methylphenol 138.16 C8H10O2 0.56 
20 3-Ethyl-2-hydroxy-2-cyclopenten-1-one 126.15 C7H10O2 0.54 
21 3-Methyl-2-cyclopenten-1-one 96.12 C6H8O 0.51 
22 Furfural 96.08 C5H4O2 0.48 
23 3,4-Dimethoxytoluene 152.19 C9H12O2 0.42 
24 2-Acetylfuran 110.11 C6H6O2 0.41 
25 3,5-Dimethyl-2(5H)-furanone 112.12 C6H8O2 0.37 
26 3-Ethyl-2-cyclopenten-1-one 110.15 C7H10O 0.35 
27 2-methylcyclopentenone 96.12 C6H8O 0.33 
28 2,3-Dimethoxytoluene 152.19 C9H12O2 0.33 
29 5-Methyl-2-furfural 110.11 C6H6O2 0.28 
30 Cyclopentenone 82.10 C5H6O 0.27 
31 2,3-Dimethyl-2-cyclopenten-1-one 110.15 C7H10O 0.17 
32 Unidentified   30.67 
2.2. Preparation and characterization of the catalyst 
NH4-ZSM-5 zeolite (CBV 3024E) was purchased from Zeolyst International as a fine powder. 
Its surface area and SiO2/Al2O3 ratio were 405 m
2/g and 30, respectively. The HZSM-5 catalyst was 
prepared by removing the ammonia from NH4-ZSM-5 by calcination at 550 °C for 5 h in a stream 
of nitrogen to obtain the HZSM-5 form prior to use. The structure of the catalyst was measured by 
X-ray diffraction (XRD; X’Pert MPD, PHILIPS). The morphology and particle sizes were 
determined from the scanning electron microscopy (SEM) image taken with a JSM-5800 LV, 
JEOL. Structure and morphology are depicted in Fig. 1. 
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Fig. 1. (a) XRD pattern of HZSM-5 catalyst; (b) SEM image for HZSM-5 catalyst 
2.3. Experimental setup and procedure  
Catalytic cracking of pyrolysis tar was conducted in a dual reactor assembly without any catalyst 
in the first reactor, followed by a second fixed-bed reactor loaded with HZSM-5 catalyst, as 
depicted in Fig. 2. The reactors were cylindrical configurations made of stainless steel (i.d: 30 mm; 
length: 250 and 350 mm for the first and second reactors, respectively) and were placed coaxially in 
the furnaces. The experiments were operated at atmospheric pressure, a reaction temperature that 
varied from 400 to 600 °C, a catalyst weight of 1 to 5 g, and a nitrogen flow rate of 3 to 10 mL/min. 
In a typical experiment, the second reactor was loaded with catalyst that was held on a plug of glass 
wool. Before the reaction started, both reactors were heated in a nitrogen stream until the desired 
temperature was attained, after which a syringe pump was used to introduce 15 g of the feed 
(preheated pyrolysis tar) into the first reactor at the rate of 1.4 g/min, with different feeding rates of 
nitrogen serving as carrier gas. The products leaving the second reactor were condensed (collected 
in an ice-cooled flask) to separate the liquid and gaseous products. The liquid product was obtained 
in the form of immiscible layers, i.e., an organic layer and an aqueous layer. The organic layer, i.e., 
the OLP, was drawn off from the aqueous layer with a syringe. In addition, the uncondensed 
gaseous product was collected in a gas bag and its weight was obtained. The yields of products, i.e., 
OLP, aqueous liquid, char, and gas, relative to the total amount of the feed, were calculated using 
the following equation: 
Yield (wt%)= (P  x 100)/feed (15 g), where P is the number of grams of product, i.e., OLP, 
aqueous liquid, char, or gas. 
2.4. Characterization of the liquid product  
The liquid product included a separable oil layer (OLP) and an aqueous product. In this work, 
the product of interest was the gasoline fraction formed in the OLP, particularly gasoline-range 
aromatics, i.e., benzene, toluene, ethylbenzene, and xylenes (BTEX), which have higher octane 
ratings. Hence, only the gasoline hydrocarbons of BTEX were identified using gas chromatography 
(GC). The identities of the peaks were determined by using BTEX standards, and the quantities 
were determined from a calibration curve that had been developed using the BTEX standard. The 
aqueous product consisted mainly of water, as determined by Karl Fischer titration. It was 
anticipated that the aqueous products would contain some water-soluble organic components, such 
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as alcohols, carboxylic acids, and phenols. Then, a pH meter was used to attain the pH values, 
which ranged from 3.0 to 3.8. 
 
 
 
Fig. 2. Dual reactor setup showing (1) nitrogen cylinder, (2) furnace, (3) first reactor, 
(4) second reactor, (5) catalyst bed, (6) ice batch, (7) receiving flask 
2.5. Experimental design  
The Essential Regression and Experimental Design software was used to design the 
experiments. Three factors, i.e., temperature (°C), the catalyst’s weight (g), and the flow rate of N2 
(mL/min), were chosen as the independent variables that would affect the catalytic cracking of the 
pyrolysis oil.  
Since OLP and gasoline aromatics were the most desired products, it was necessary to determine 
two quantities (responses) as shown in Table 2, i.e., the yield of OLP and the percentage of gasoline 
aromatics in the OLP.   
 
                              Table 2.  Experimental Design Matrix and Results 
 
Runs 
Experimental design Experimental Results 
Temperature 
 qC 
Catalyst 
g 
N2 flow rate 
mL/min 
OLP yield 
 
Percentage of gasoline 
aromatics in OLP 
1 400 1 6.5 10.00 2.01 
2 400 3 3.0 18.45 10.10 
3 400 3 10 18.30 9.90 
4 400 5 6.5 20.28 29.83 
5 500 1 3.0 15.13 20.88 
6 500 1 10 14.98 20.00 
7 500 3 6.5 27.31 40.77 
8 500 3 6.5 27.50 41.53 
9 500 3 6.5 26.90 42.00 
10 500 5 3.0 25.00 49.41 
11 500 5 10 24.80 48.29 
12 600 1 6.5 22.65 24.28 
13 600 3 3.0 24.40 52.25 
14 600 3 10 24.35 50.65 
15 600 5 6.5 22.00 45.21 
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3. Results and discussion  
3.1. Product Distribution 
Six products from catalytic cracking of pyrolysis tar were generated: OLP, an aqueous product, 
char, tar, coke, and non-condensable gases as provided in Table 3. It was observed that a significant 
amount of char was formed in the first reactor, and a small amount of char was formed above the 
catalyst bed in the second reactor, possibly due to the thermal effect on the unstable components of 
the tar. The yield of char ranged from about 20 to 24 wt % as shown In Table 3, and there was a 
slight decrease in the formation of char with the increase of temperature, probably due to secondary 
reactions occurring such as gasification. The yields of aqueous products ranged from about 25 to 33 
wt % with water content ranged from 80-83 wt%, indicating that some oxygen was removed in the 
form of water [15]. It was essential to investigate the distributions of OLP, which ranged from 
about 10-27 wt % over the experimental runs. Low OLP yield was observed at 400 qC, while the 
maximum yield was about 27 wt% at 500 qC with 3 grams of catalyst. It was observed that there 
was a slight decrease in OLP when the temperature was increased from 500 to 600 qC, probably 
due to the additional conversion of OLP, forming more gaseous products. A similar observation 
was reported by Bi et al. [11]. As can be seen in Table 1, the major oxygenated compounds in the 
pyrolysis tar were phenolic compounds, ketones, esters, aldehydes, and a few others. Thus, it 
should be stated that the conversion of most of these oxygenated compounds to OLP over the 
HZSM-5 catalyst was an indication of its ability to remove oxygen through complex reactions, such 
as deoxygenation, cracking, cyclization, aromatization, isomerization and polymerization reactions 
[16, 17]. Furthermore, the yield of gas increased slightly with the reaction temperature and catalyst, 
showing a highest value of about 6.7 wt% at 600 qC, 5 g of catalyst and, 6.5 mL/min of N2 gas. The 
lowest value was about 4 wt% attained at 400 qC, 1 g of catalyst, and 6.5 mL/min of N2 gas.  
 
                                Table 3.  Overall Product Distribution (wt% of the feed) for 15 Experimental Runs 
  
 
Runs  
Products 
Aqueous Liquid Organic Liquid 
Product 
Char a Residue b Gas Unaccounted 
wt% 
1 30.00 10.00 24.00 14.00 4.11 17.89 
2 25.37 18.45 23.50 13.50 4.45 14.73 
3 25.30 18.30 23.00 13.30 4.50 15.60 
4 25.00 20.28 23.30 13.10 5.32 13.00 
5 28.30 15.13 22.62 13.00 5.35 15.60 
6 28.30 14.98 22.00 13.10 5.48 16.14 
7 27.00 27.31 22.54 13.00 5.70 4.45 
8 26.50 27.50 22.50 12.80 5.68 5.02 
9 26.20 26.90 22.60 12.80 5.77 5.73 
10 29.84 25.00 22.60 12.91 6.10 3.55 
11 30.00 24.80 22.00 12.87 6.15 4.18 
12 31.00 22.65 20.00 12.30 6.34 7.71 
13 32.66 24.40 20.30 12.00 6.44 4.20 
14 32.51 24.35 20.00 12.00 6.60 4.54 
15 33.00 22.00 20.00 11.89 6.70 6.41 
a Char formed in the first reactor 
b Residue is categorized as char and tar that were quantified in the second reactor 
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3.2. Content of Gasoline-Range Aromatics in OLP 
As extremely desirable compounds, gasoline-range aromatics (BTEX) in OLP were selected as 
target compounds in our study. Gasoline aromatics were analyzed by GC-FID, and Fig. 3 shows 
their distributions for the experimental runs. From Table 2, the percentage of gasoline aromatics in 
OLP ranged from about 2 to 52 wt%, with a maximum value of about 52 wt% at 600 qC, 3 g of 
catalyst and 3 mL/min of N2 gas. As a known effect, the formation of aromatic hydrocarbons is 
attributed to the conversion of oxygenated compounds, particularly substituted phenols, from 
biomass pyrolysis by cracking, dehydroxylation, decarbonylation, and decarboxylation reactions, 
which are catalysed by HSZM-5’s acid sides [17-19]. 
It was noted that, at 400 qC, the gasoline aromatics increased slightly from 2.01 wt% to 29.83 
wt%, coincident with the increase of catalyst. Similarly, at 500 qC, the percentage of gasoline 
aromatics increased significantly, from about 20.88 wt% to 49 wt%. The OLP achieved a dramatic 
increase of gasoline aromatics at 600 qC when 3 g of catalyst were used instead of 1 g; however, a 
slight drop occurred when 5 g of catalyst were used, possibly due to the secondary conversion of 
the aromatics [20]. The percentage of gasoline aromatics generated in this study was in a 
reasonable agreement with the results of Zhao et al. [12], who reported a 40 wt % of aromatics that 
can be generated from a pyrolytic when pyrolyzing 0.5 g at 600 qC using a 0.5 g of zeolite catalyst 
and 50 mL/min N2.  
 
 
Fig. 3. Distributions of BTEX aromatics in the OLP 
3.3. Optimization 
The main targets in this study were OLP and gasoline aromatics in the OLP; hence, we reported 
the results of our investigation of influences of the three variables on the yield of OLP and the 
percentage of gasoline aromatics. Response surface methodology (RSM) was applied to predict the 
optimum vales of the three variables. A mathematical model was developed based on the 
experimental design performed initially by Essential Regression software, as shown in Table 2. The 
table shows the values predicted for OLP yield and gasoline aromatics by the mathematical model 
were in good agreement with the experimental results, confirming the fitness of the model, as 
indicated by the determination coefficients (R2) of 0.964 and 0.929 for the model’s predictions of 
OLP yield and gasoline aromatics, respectively. The reaction conditions were optimized by 
applying Essential Regression software, and the results showed that the maximum value of OLP 
yield was about 28.33 wt% for a temperature of 536 qC and a catalyst weight of 3.5 g.  
Correspondingly, the maximum percentage of gasoline aromatics was about 54 wt%, obtained at 
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575qC and a catalyst weight of 5 g. The three-dimensional (3D) response surfaces in Fig. 4, display 
the interaction effects of the significant variables (temperature and catalyst weight) on the OLP 
yield and percentage of gasoline aromatics in OLP. 
 
 
 
 
Fig. 4. Surface plot of: (a) OLP yield and (b) gasoline aromatics (%) in OLP as functions of 
catalyst weight and temperature 
4. Conclusions  
The gasoline aromatics were generated from rubber wood-derived tar through catalytic cracking 
using the HZSM-5 catalyst. From RSM, the maximum yield of OLP was about 28.33 wt%, 
achieved at 536 qC and a catalyst weight of 3.5 g, whereas the maximum percent of gasoline 
aromatics in the OLP, i.e., about 54 wt%, was obtained at 575 qC and a catalyst weight of 5 g. Side 
products also were obtained, including an aqueous liquid, tar, coke, gases, and, more importantly, 
char, which can be processed further for use as a sorbent. Overall, in assessing the conversion of 
pyrolysis tar derived from rubber wood to gasoline aromatics, it can be concluded that the pyrolysis 
tar has significant potential for use in producing gasoline since it contains BTEX components in the 
OLP. 
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